In this work we investigated the role of the tyrosine decarboxylation pathway in the response of Enterococcus faecium E17 cells to an acid challenge. It was found that 91% of the cells were able to remain viable in the presence of tyrosine when they were incubated for 3 h in a complex medium at pH 2.5. This effect was shown to be related to the tyrosine decarboxylation pathway. Therefore, the role of tyrosine decarboxylation in pH homeostasis was studied. The membrane potential and pH gradient, the parameters that compose the proton motive force (PMF), were measured at different pHs (pH 4.5 to 7). We obtained evidence showing that the tyrosine decarboxylation pathway generates a PMF composed of a pH gradient formed due to proton consumption in the decarboxylation reaction and by a membrane potential which results from electrogenic transport of tyrosine in exchange for the corresponding biogenic amine tyramine. The properties of the tyrosine transporter were also studied in this work by using whole cells and right-side-out vesicles. The results showed that the transporter catalyzes homologous tyrosine/tyrosine antiport, as well as electrogenic heterologous tyrosine-tyramine exchange. The tyrosine transporter had properties of a typical precursor-product exchanger operating in a proton motive decarboxylation pathway. Therefore, the tyrosine decarboxylation pathway contributes to an acid response mechanism in E. faecium E17. This decarboxylation pathway gives the strain a competitive advantage in nutrient-depleted conditions, as well as in harsh acidic environments, and a better chance of survival, which contributes to higher cell counts in food fermentation products.
Tyramine is one of the toxicologically important biogenic amines and is formed in foods by the enzymatic action of tyrosine decarboxylase (TDC) produced by food-related bacteria that are often present in fermented meat products (10, 26) . Since it is a potent vasoconstrictor, tyramine can induce hypertension, migraines, brain hemorrhage, and heart failure when high concentrations are present in an organism (17, 26) . Tyramine is broken down in mammals by monoamine oxidase (MAO)-catalyzed oxidative deimination (18) . However, the detoxifying mechanisms in humans are not sufficient when the intake in a diet is too high, when individuals are allergic, and when patients consume drugs that act on MAO inhibitors (anti-Parkinson disease drugs and antidepressants that inhibit MAO) (24, 26) . For this reason it is understandable that from the viewpoint of food safety it is important that only a fraction of the strains in a given microbial genus or species are able to decarboxylate tyrosine. In fact, the tyrosine decarboxylation pathway is present only in some species of lactic acid bacteria (LAB) and is considered strain specific rather than species specific (28) . Due to the high sequence identity of the genes coding for the decarboxylases, horizontal gene transfer has been proposed as the mechanism for dissemination of these genes between LAB (8, 28) .
Recently, genes encoding bacterial TDCs were identified in various lactic acid bacteria, including Enterococcus faecalis, Lactobacillus brevis, and Lactococcus lactis. It was also reported previously (5) that in L. brevis and L. lactis the decarboxylase gene was located in an operon containing four genes; the tdc gene was preceded by a gene homologous to genes coding for tyrosyl-tRNA synthetases and was followed by two genes coding for secondary transporters, a putative tyrosine transporter and a putative Na ϩ :H ϩ antiporter. Because decarboxylase enzymes are induced at acidic pHs (1, 2, 6, 14) , it is commonly accepted that the decarboxylation pathways are activated to increase the acid resistance of cells by maintaining the cellular pH homeostasis when cells are subjected to acid stress (9, 21, 28) . Recently, an acid resistance locus was reported for L. brevis, and it was shown to contain genes that form two distinct operons encoding amino acid decarboxylation pathways (14) that are putatively involved in acid resistance mechanisms.
Besides the role that amino acid decarboxylation pathways play as a response to acid stress, these pathways can also be responsible for generation of a proton motive force (PMF). The electrochemical gradient of protons across the cytoplasmic membrane is a major store of free energy in the bacterial cell. Usually, a PMF is generated by translocation of protons against the gradient across the cell membrane, which results in the two components of the PMF, a membrane potential formed by the charge gradient and a pH gradient (⌬pH) due to proton gradients (25) .
In some LAB there is a mechanism for PMF generation that involves the action of secondary transporters rather than primary pumps, and therefore this PMF generation is called secondary PMF generation (6, 8, 27) . Mechanisms for generation of a PMF involving amino acid decarboxylation pathways have been described for several amino acid-biogenic amine pairs, such as histidine-histamine in Lactobacillus buchneri (19) and tyrosine-tyramine in L. brevis (28) .
The simplest type of amino acid decarboxylation pathway involves two proteins, a decarboxylase and a transporter protein. The former protein converts the amino acid in the cytoplasm into the corresponding biogenic amine and carbon dioxide, whereas the latter protein is responsible for the uptake of the amino acid from the medium and excretion of the corresponding biogenic amine in the exchange mode (5, 12, 13, 14, 28) . Since a proton is consumed in the amino acid decarboxylation reaction, the decarboxylation contributes to the intracellular pH homeostasis triggered when cells are exposed to acidic environments (4, 6, 7, 19) . Moreover, the amino acid/ biogenic amine antiporter is able to increase the membrane potential provided the transporter is an electrogenic precursorproduct exchanger.
A similar function for the tyrosine decarboxylation pathway in Enterococcus faecium E17 is proposed here. A role for tyrosine decarboxylation in pH homeostasis has been proposed for other genera of LAB, but this pathway has never been evaluated for Enterococcus spp.
In this study we evaluated the role of the tyrosine transporter and showed that in E. faecium E17 transport of tyrosine in exchange for the corresponding biogenic amine tyramine generates a PMF. We also demonstrated that this tyrosine transporter translocates a net positive charge across the membrane during exchange.
As far as we know, this is first time that such a study has been performed to demonstrate the role of the tyrosine decarboxylation pathway in the generation of a PMF and as a mechanism for an acid challenge response in an Enterococcus sp. strain isolated from a fermented meat product.
MATERIALS AND METHODS

Materials. L-[U-
14 C]tyrosine (483 mCi/mmol) was purchased from Amersham Biosciences (Piscataway, NJ). The 2Ј,7Ј-bis-(2-carboxyethyl)-5(and-6)-carboxyfluorescein (BCECF) and 3,3Ј-dipropylthiocarbocyanine iodine [DiSC 3 (5) ] probes were obtained from Molecular Probes (Eugene, OR). The ATPase inhibitor N,NЈ-dicyclohexylcarbodiimide (DCCD), L-tyrosine, tyramine, valinomycin, and nigericin were purchased from Sigma (Sigma Aldrich, Germany). Brain heart infusion (BHI) broth was obtained from Oxoid (Hampshire, United Kingdom). A BCA protein assay kit was purchased from Pierce (Rockford, IL). All other chemicals were reagent grade and were obtained from commercial sources.
Bacterial strain and growth conditions. The tyramine producer E. faecium strain E17 used in this work was isolated from a fermented sausage from Portugal and has been deposited in the IBET/ITQB culture collection. This strain was routinely grown at 37°C without agitation in BHI broth prepared according to the manufacturer's instructions. Where indicated, tyrosine and pyridoxal phosphate were added to the growth medium to final concentrations of 5 and 1 mM, respectively.
Frozen stocks of the strain were prepared from cultures grown overnight under the conditions described above and were stored at Ϫ20°C with 50% (vol/vol) glycerol until they were needed. A preculture was prepared by diluting 200 l of a frozen stock in 5 ml of fresh medium.
Acid challenge assays. Acid challenge assays were performed as described by Iyer et al. (9) , with some modifications. Briefly, cells were grown overnight in BHI medium. Stationary-phase cultures were diluted 1:1,000 into prewarmed BHI medium at pH 2.5 that was not supplemented with tyrosine (control) or was supplemented with 5 mM tyrosine and then incubated at 37°C. At time zero and after 3 h, 100-l aliquots were serially diluted, and 100 l of each dilution was plated on BHI agar plates in triplicate. The numbers of CFU were determined, and the percent survival was calculated by comparison with the time-zero data. The results presented below are the means of three experiments.
To check the capacity of strain E17 to increase the pH by tyrosine decarboxylation, cells were grown overnight as described above, pelleted by centrifugation (10,000 ϫ g at 4°C for 10 min), washed with 10 mM potassium phosphate buffer (pH 5.5), and resuspended in the same buffer (without tyrosine or supplemented with 5 mM tyrosine) to obtain an optical density at 600 nm (OD 600 ) of 0.6 to 0.8. At time intervals 1-ml samples were removed and centrifuged, and the supernatant buffer pH was determined.
Measurement of the internal pH and membrane potential. Cells were grown until OD 600 was 0.6 to 0.8. Then 20 ml of the culture was centrifuged (10,000 ϫ g at 4°C for 10 min), and the cells were washed twice with buffer and then resuspended in 15 l of the same buffer. The buffers used in the assays were 50 mM potassium phosphate buffer and 50 mM sodium phosphate buffer (pH 4.5, 5.5, and 7). Glucose, L-tyrosine, and tyramine were added at final concentrations of 150, 0.75, and 1.5 mM, respectively, as indicated below. Valinomycin was added at a final concentration of 75 M. To inhibit the activity of F o F 1 ATPase, cells were preincubated for 30 min at 37°C with 100 M (final concentration) DCCD.
The intracellular pH was determined by loading the cells with the pH-sensitive fluorescent probe BCECF as follows. Briefly, 5 l of 10 mM BCECF was added to 15 l of a cell suspension, prepared as described above, and then 2.5 l of 0.5 M HCl was added to shock the probe into the cells. The suspension was left for 5 min at room temperature in the dark, after which 500 l of the appropriate ice-cold buffer (50 mM) was added. The cells were pelleted by short spin centrifugation (13,200 ϫ g, 1 min), resuspended in 100 l of buffer, and kept on ice. In each experiment, 30 l of the BCECF-containing cells was diluted in 2 ml of buffer in a 3-ml cuvette equilibrated at 30°C. The cells in the cuvette were stirred constantly during acquisition of fluorescence data. The fluorescence signal was determined every second.
The intracellular pH was correlated with the fluorescence signal using BCECF-containing cells in 2 ml of 10 mM phosphate buffer (pH 5.5) to which 40 l of Triton X-100 (Sigma), 75 M valinomycin, and 75 M nigericin were added. Successive additions of 4 l of a 0.1 M NaOH solution were made, and the pH inside the cuvette was determined with a microelectrode (Crison). The fluorescence signal was recorded, and a calibration plot of fluorescence versus pH was drawn. Fluorescence emission at 529 nm (with excitation at 503 nm) was determined with an SLM-AMINCO spectrofluorometer.
The membrane potential was measured qualitatively using the fluorescent probe DiSC 3 (5) . This probe partitions in the membrane, and its fluorescence is quenched by a difference in the electrical potential across the membrane (15) . The intensity of the probe fluorescence is sensitive to changes in the membrane potential. Changes in the membrane potential, as determined by DiSC 3 (5) fluorescence, were recorded as a function of time. An increase in the electrical potential across the membrane correlated with a decrease in fluorescence intensity. For each experiment, 30 l of the cell suspension was added to 2 ml of buffer, as described above, and 5 l of a 3 mM solution of DiSC 3 (5) prepared in dimethyl sulfoxide was added. The fluorescence signal was sampled every second (emission at 680 nm and excitation at 653 nm).
Preparation of RSO membrane vesicles. Right-side-out (RSO) membrane vesicles of E. faecium strain E17 were prepared by using osmotic shock as previously described (20) , with some modifications. Briefly, 20 ml of a culture grown in BHI medium supplemented with 5 mM tyrosine and 1 mM pyridoxal phosphate was diluted into 2 liters of fresh medium. After 16 to 18 h of growth, cells were harvested, washed twice with 100 mM potassium phosphate buffer (pH 7.0), and resuspended in 17.5 ml of the same buffer containing 10 mM MgSO 4 and 20 mg/ml lysozyme. The cell suspension was incubated for 1 h at 30°C. With continuous stirring, 16 ml of K 2 SO 4 was then added slowly until the final concentration was 0.36 M. Next, the suspension was slowly diluted into 120 ml of buffer containing 50 g/ml of RNase and 50 g/ml of DNase. The suspension was incubated for 20 min at 30°C with continuous stirring, after which K-EDTA (pH 7.5) was added to a final concentration of 20 mM. After 10 min of incubation at 30°C, enough MgSO 4 was added to obtain a final concentration of 25 mM. The suspension was centrifuged for 30 min at 750 ϫ g at 4°C, and the supernatant was centrifuged for 30 min at 45,000 ϫ g at 4°C. The pellet was resuspended in 30 ml of 50 mM potassium phosphate buffer (pH 6) and then centrifuged for 60 min at 750 ϫ g at 4°C. The RSO vesicles were collected from the supernatant by centrifugation for 30 min at 45,000 ϫ g at 4°C, and the pellet obtained was resuspended in 2 ml of 50 mM potassium phosphate buffer (pH 6.0). Aliquots (100 l) were rapidly frozen in liquid nitrogen and stored at Ϫ80°C until they were used.
Protein quantification. To quantify the total protein in the vesicles prepared from cells, a 100-l aliquot of vesicles was diluted into 1 ml of 50 mM potassium phosphate buffer (pH 7). For whole cells, cells from a 5-ml culture were harvested by centrifugation (13,200 ϫ g, 8 min,), washed with 50 mM potassium phosphate buffer, and then diluted with 1 ml of the same buffer. In both cases (cells and vesicles) sonication was then performed on ice at 50% potency for 30 s followed by a 30-s pause for a total of 3 min. The total protein was then quantified using the BCA protein assay kit from Pierce with bovine serum albumin as the protein standard.
Transport assays with whole cells. E. faecium E17 was grown in BHI medium containing 1 mM pyridoxal phosphate with (tyr ϩ cells) or without (tyr Ϫ cells) 5 mM tyrosine. Cells were harvested and washed once with ice-cold 50 mM potassium phosphate buffer (pH 6.0) and resuspended to an OD 600 of approximately 20. Following addition of 0.2% (wt/vol) glucose, a 100-l aliquot of suspended resting cells was incubated for 5 min at room temperature with constant stirring. At time zero, enough L-[U-
14 C]tyrosine was added to obtain a final concentration of 2 M. Uptake was stopped at the times indicated below by addition of 2 ml of an ice-cold 0.1 M LiCl solution, which was followed immediately by filtration through a 0.45-m-pore-size nitrocellulose filter (BA85; Schleicher & Schuell GmbH). The filter was washed once with 2 ml of ice-cold 0.1 M LiCl and submerged in scintillation liquid (Scint Liquid; Perkin Elmer), and the retained radioactivity was counted with a Tri-Carb 2000CA liquid scintillation counter (model LS-6500; Beckman Coulter). The background was estimated by adding 2 l of the radiolabeled substrate to the cell suspension immediately after addition of 2 ml of ice-cold LiCl, followed by filtering. In the chase experiments, tyramine and/or unlabeled (cold) tyrosine was added after 1 min to a final concentration of 0.5 mM. The results described below are the means of three independent assays.
Transport assays with RSO membranes. Concentrated RSO membranes were loaded with the appropriate buffer by 1 h of incubation at room temperature. Then 2-l aliquots of concentrated membranes were diluted 100-fold into 50 mM phosphate buffer containing labeled or unlabeled substrates. The final protein concentration in the samples was approximately 140 g/ml. Transport was quenched and samples were processed as described above.
In PMF-driven uptake assays, membrane vesicles were preloaded with 50 mM potassium phosphate buffer (pH 6.0) containing 100 mM potassium acetate in the presence of 150 M valinomycin. Membranes were then diluted into sodium phosphate buffer (pH 6.0) containing 50 mM Na 2 SO 4 and 3 M L-[U-
14 C]tyrosine. In efflux assays, vesicles were preloaded with 50 mM potassium phosphate buffer (pH 6.0) containing 250 M L-[U- 14 C]tyrosine in the presence of 150 M valinomycin and 75 M nigericin. For exchange or counterflow experiments, membrane vesicles were loaded with the same buffer containing 250 M labeled tyrosine or tyramine. In the exchange assays, vesicles were diluted into buffer containing 250 M L-tyrosine or tyramine. In the counterflow assays the membranes were diluted into buffer containing 100 M tyramine.
In the exchange experiments the results were analyzed by plotting the release of radiolabel from the membranes versus time.
RESULTS
Tyrosine decarboxylation in the acid tolerance response of E. faecium E17. E. faecium E17 cells were grown in BHI medium, and then survival in the same medium at pH 2.5 was tested. After 3 h of incubation at 37°C, the number of CFU of control cells (in medium without supplemental tyrosine) was 44% less than the number at time zero (data not shown). However, when cells were incubated in the same medium but the medium was supplemented with 5 mM tyrosine, the level of survival was 91%. These results clearly indicate that the presence of tyrosine had a positive effect on the acid tolerance response.
In another experiment, exponentially grown cells were incubated in 10 mM potassium phosphate buffer at pH 5.5 for 3 days (Fig. 1) . When no tyrosine was added, the extracellular pH decreased to less than 5.4 within the first 3 h. This acidification indicated that there was production of lactic acid by metabolizing cells. With increasing time the external pH increased slowly, and it reached a value close to pH 5.45, which was maintained. However, when cells were incubated in the same conditions but the medium was supplemented with 5 mM tyrosine, no significant decrease in the external pH was observed. On the contrary, the external pH increased to almost 5.8. Alkalinization of the external medium (almost 0.3 pH unit in buffer) in the presence of tyrosine is a indication of tyrosine decarboxylation, and the extracellular pH alkalinization surely contributed to the increase in the survival of strain E. faecium E17 when it was exposed to an acid environment.
Role of tyrosine in intracellular pH homeostasis. When exponentially growing cells of E. faecium E17 were resuspended in 50 mM potassium phosphate buffer at pH 4.5, they were able to maintain an intracellular pH between 5.6 and 5.7. When these cells were energized with glucose, an increase in the intracellular pH was observed (Fig. 2, line a) . The fermentative glucose metabolism in Enterococcus spp. produces lactic acid, which leads to acidification of the cytoplasm, but the activity of F o F 1 ATPase regulates the intracellular concentration of pro- (Fig. 2, line b ) the intracellular concentration of H ϩ increased continuously, which decreased the cytoplasmic pH.
To examine the role of tyrosine decarboxylation in maintenance of the intracellular pH of resting cells of strain E17, two preparations of cells were used: cells grown in the presence of 5 mM tyrosine (Tyr ϩ cells) and cells grown in medium without amino acid supplementation (Tyr Ϫ cells) (Fig. 3) . Addition of tyrosine to E17 cells resuspended in potassium phosphate buffer at pH 4.5 enabled them to stabilize their internal pH at pH 5.45 (for Tyr Ϫ cells) (Fig. 3) . In the case of Tyr ϩ cells, the cells were able to increase their internal pH to pH 5.6 to 5.7, creating a ⌬pH of 1.2 pH units (Fig. 3) . In this case the role of tyrosine decarboxylation in the maintenance of intracellular homeostasis was proven to be independent of the F o F 1 ATPase activity. In fact, the assay was repeated with cells pretreated with DCCD. When the F o F 1 ATPase activity of cells was inhibited, there was no difference between these cells and cells having an active F o F 1 ATPase (data not shown), showing that the effect of tyrosine was the same whether F o F 1 ATPase was active or not. These results indicate that the decrease in the intracellular concentration of H ϩ is not dependent on the extrusion of H ϩ by F o F 1 ATPase activity but is due to proton consumption in the tyrosine decarboxylation reaction.
When assays were performed at external pHs of 5.5 and 7, the effect of addition of tyrosine was always an increase in the intracellular pH (Table 1) . However, the values reported for the ⌬pH in Table 1 show that the increase in the internal pH was always dependent on the external pH; i.e., there was a decrease in the ⌬pH when the external pH increased. Also, at an external pH of 7 the ⌬pH that formed upon tyrosine addition was very small (0.04 pH unit) and even inverted (pH lower inside) compared to the data obtained with an external pH of 4.5 or 5.5 (pH higher inside).
A comparison of the results obtained for Tyr Ϫ cells and Tyr ϩ cells showed that the ⌬pH values obtained after tyrosine addition were (for pH 4.5 and 5.5) one-half the ⌬pH values obtained for Tyr Ϫ cells. As expected, the presence of tyrosine in the growth medium seemed to have a positive effect on the activity of the enzymes of the tyrosine decarboxylation pathway, and this was reflected in the rate of medium alkalinization.
Role of tyrosine decarboxylation in membrane potential generation. The results obtained for the membrane potential parallel those obtained for the transmembrane ⌬pH. In a control assay, addition of glucose to resting cells in buffer at pH 4.5 resulted in an increase in the membrane potential. Glucose metabolism induces greater accumulation of positive charges outside the cells, as a result of proton extrusion from the cell, causing an increase in the membrane potential. However, this effect is transient since the membrane potential is subsequently converted into a ⌬pH. When cells preincubated with DCCD were used, an increase in the membrane potential was observed. The inhibition of F o F 1 ATPase caused an increase in the positive charges that accumulated inside the cell, and as a consequence the membrane potential increased. As expected, this increase was less in more acidic environments. In fact, when tyrosine was added to resting cells of E. faecium E17, a small but significant increase in the membrane potential was observed.
Role of Na ؉ ions in the tyrosine decarboxylation pathway of E. faecium E17. A gene coding for a putative Na ϩ :H ϩ antiporter was reported to be present in the operon containing the tyrosine decarboxylase gene in L. brevis (5, 14) . This observation suggests that Na ϩ ions have a role in the tyrosine decarboxylation pathway (11) . To clarify this, both the ⌬pH and membrane potential were measured in cells resuspended in sodium phosphate buffer instead of potassium phosphate buffer.
The first results (Fig. 4) indicated that cells in sodium phosphate buffer at pH 4.5 were able to maintain a higher intracellular pH (pH 5.7) than cells resuspended in potassium phosphate buffer (pH 5.5). The presence of an Na ϩ :H ϩ antiporter could, therefore, catalyze uptake of Na ϩ in exchange for H ϩ extrusion. Although electroneutral, this antiport activity would increase the capacity to extrude protons even when F o F 1 ATPase was inhibited (data not shown). Tyrosine/tyramine antiport was also demonstrated using cells previously incubated with 0.5 mM tyramine (Fig. 5) . Valinomycin and nigericin were added in order to completely eliminate the membrane potential. After 1 h of incubation at 37°C, both Tyr ϩ and Tyr Ϫ cells were diluted in buffer containing 2 M L-[U-
Tyrosine uptake by resting cells of E. faecium E17. Tyrosine uptake was demonstrated by measuring the uptake of L-[U-
14 C]tyrosine, and the uptake of labeled tyrosine was monitored over time. Again, the results showed that cells grown in the presence of tyrosine had a higher rate of tyrosine uptake (1.4 pmol min Ϫ1 · mg Ϫ1 of cell protein for Tyr ϩ cells, compared to 0.9 pmol min Ϫ1 · mg Ϫ1 of cell protein for Tyr Ϫ cells). In addition, it was observed that when cells were preloaded with tyramine, the uptake of tyrosine was much greater. This strongly suggests that there is a tyrosine/tyramine antiport mechanism. Subsequent chase experiments showed that the tyrosine transporter catalyzed the tyrosine-tyrosine exchange as well as the tyrosine-tyramine exchange (Fig. 6 ). Cells were allowed to take up L-[U-
14 C]tyrosine for 1 min, after which 0.5 M unlabeled tyrosine or tyramine was added to the cell suspension. In a control assay cells preloaded with L-[U- 14 C]tyrosine were diluted in buffer alone. Addition of tyrosine and tyramine to cells resulted in immediate release of previously accumulated L-[U-
14 C]tyrosine. Tyrosine transport in RSO vesicles of E. faecium E17. RSO vesicles are well-defined experimental systems used to study transport activities of secondary transporters. The effect of an artificially imposed PMF on tyrosine transport was investigated. An electrical potential across the membrane with the inside negative can be created by diluting K ϩ -loaded membranes into a K ϩ -free (i.e., Na ϩ ) buffer in the presence of the K ϩ ionophore valinomycin. Dilution into an Na ϩ buffer results in generation of both a chemical gradient of Na ϩ across the membrane and a membrane potential. A ⌬pH across the membrane with the inside alkaline can be created by diluting acetate-loaded membranes into a solution containing a less permeable ion, such as sulfate. Acetate is membrane permeable only in its protonated state; i.e., acetic acid results in quantitative removal of protons from the intravesicular space. Simultaneous imposition of both a K ϩ diffusion gradient and an acetate diffusion gradient resulted in transient generation of a PMF. Under these conditions it was observed that RSO vesicles of E. faecium E17 were able to take up tyrosine at low but significant levels (Fig. 7) .
The exchange capacity of this tyrosine transporter was also studied using RSO vesicles preequilibrated with a known concentration of labeled tyrosine and labeled tyrosine plus tyramine. Moreover, the ionophores valinomycin and nigericin were added in combination to completely collapse the PMF (Fig. 8) . When vesicles were diluted in buffer alone, efflux of tyrosine was observed. However, when vesicles previously loaded with tyrosine and tyramine were diluted in buffer with the same concentration of labeled tyrosine, an immediate increase in the internal pool of labeled tyrosine was observed, which corresponded to the exchange between internal tyramine and labeled external tyrosine. Soon the internal and external pools of tyrosine reached equilibrium.
Dilution of RSO vesicles preloaded with L-[U-
14 C]tyrosine in buffer containing the same concentration of unlabeled tyrosine and tyramine (Fig. 9 ) confirmed the observations obtained in the chase experiments performed with whole cells.
Both external tyrosine and external tyramine caused the release of internal L-[U-
14 C]tyrosine from RSO membranes. In fact, in the presence of external tyrosine essentially all labeled tyrosine was released from the vesicles within 30 s, while addition of external tyramine did not result in significant release during the first 100 s. The release of internal labeled tyrosine is driven by an exchange between internal labeled substrate and external unlabeled substrate.
The heterologous exchange hypothesis was also confirmed (Fig. 10) when vesicles that were preloaded with 25 M labeled tyrosine were diluted in buffer containing tyramine. Efflux of the internal labeled tyrosine pool was observed in exchange with tyramine.
DISCUSSION
Tyramine, which results from decarboxylation of the amino acid tyrosine, is the biogenic amine most commonly found in fermented meat products (24, 26) . Tyrosine decarboxylation is catalyzed by a specific enzyme, TDC, and the sequence of this enzyme in E. faecium strain E17 has been determined (C. I. Pereira, I. Manarte, F. Gaspar, D. Matos, M. V. San Romão, and M. T. B. Crespo, submitted for publication). The tdc gene coding for TDC was previously reported to be in an operon with other genes of the pathway, including one gene coding for a tyrosine-tyramine exchanger in L. lactis (28) .
It has been suggested that decarboxylation of amino acids by LAB might protect cells against intracellular acidification and be an acid tolerance response mechanism. pH regulation by a histidine/histamine antiporter has also been suggested for L. buchneri (19) . It is commonly accepted that amino acid decarboxylation activity is strain dependent rather than related to species or even genera (28) , which enables a strain with this activity to compete with other strains during the food fermentation process. Based on our results, we propose a putative role in acid resistance for the tyrosine decarboxylase system in E. faecium E17.
The acid tolerance response involves induction of acid shock genes and depends on several regulatory systems (1) . In this study we elucidated a mechanism underlying the ability of E. faecium to survive in low-pH environments, an important and desirable characteristic in food strains. We showed that this mechanism is related to tyrosine decarboxylation.
The fact that alkalinization of the cytoplasm due to the tyrosine decarboxylation reaction was a key factor for the cellular pH homeostasis of E. faecium E17 when it was subjected to acid stress was investigated further. Measurement of the intracellular pH after addition of tyrosine to resting cells of E. faecium E17 showed that tyrosine decarboxylation consumes intracellular protons. ATP formed in the glycolysis pathway may have many functions in the cell, including driving proton extrusion from cytoplasm and playing a role in cellular pH homeostasis. LAB are therefore able to regulate the intracellular pH at the expense of energy produced by substrate level phosphorylation. The role of the tyrosine decarboxylation pathway in the acid response of E. faecium E17 seems to be different and independent of F o F 1 ATPase activity. Our results showed that TDC was more active at acidic pHs, confirming previous reports for other LAB that amino acid decarboxylases are induced at low pHs (16) . Tyrosine decarboxylation increases the ⌬pH, a component of the PMF.
Also, Tyr ϩ cells showed a higher rate of pH increase upon addition of tyrosine than Tyr Ϫ cells. This result was anticipated, since other authors (13, 14, 16, 28) have reported that the rate of tyrosine decarboxylation is dependent on the TDC enzyme activity, which is induced by the presence of external tyrosine. A continuous cycle of proton consumption through amino acid decarboxylation raises the internal pH of cells exposed to acid. This increase in the intracellular pH is thought to be required for survival in extreme acid stress conditions. It has been proposed that the siphoning of intracellular protons enhances pH homeostasis and allows the cell to maintain an internal pH compatible with viability in E. faecium E17.
In the decarboxylation reaction tyrosine is converted into tyramine. At physiological pH tyramine has a positive charge, whereas tyrosine has no net charge. Under the assay conditions used, tyrosine/tyramine antiport is active, and tyramine is exported from the cytoplasm, increasing the concentration of positive charges outside the membrane. Consequently, the membrane potential increases. Moreover, during the decarboxylation reaction protons are consumed in the cytoplasm, and this should increase the membrane potential even more. However, one explanation for the fact that the increase in the membrane potential was not as significant as initially expected could be that although the intracellular consumption of protons due to tyrosine decarboxylation and tyramine (positively charged) extrusion from the cytoplasm would increase the positive charges outside, this effect would be simultaneously compensated for by the uptake of other cations.
Based on the results obtained in this study, the role of Na ϩ ions in the tyrosine decarboxylation pathway appears to be more important. These ions could regulate acid resistance and play important roles in housekeeping pH homeostasis systems. The presence of a gene coding for a putative Na ϩ :H ϩ antiporter in an operon involved in the acid response of L. brevis (5, 14) suggests that Na ϩ ions also have an important role in the tyrosine decarboxylation pathway. Moreover, the roles of Na ϩ and K ϩ ions in pH homeostasis during growth at different pHs have also been reported (8) . We demonstrated in this study that when tyrosine was added, cells incubated in sodium buffer (i.e., potassium-depleted conditions) exhibited a greater increase in the intracellular pH than cells suspended in potassium buffer. We believe that Na ϩ ions can function as counterions in an antiport mechanism that directly removes H ϩ from the cytoplasm. Alternatively, Na ϩ could act at the gene level by influencing the induction of key system components, as it does in other bacteria (23) . Surprisingly, the Na ϩ :H ϩ antiport system, which is thought to be important for pH homeostasis under pH conditions more suitable for growth, appeared to be unimportant in the tyrosine decarboxylation pathway experiments performed with E. faecium E17.
In the amino acid decarboxylation pathway, in addition to TDC, an antiporter that facilitates the coupled transport of amino acids and their decarboxylation products across the membrane is also important in PMF formation in E. faecium E17. The tyrosine transporter studied here was shown to catalyze tyrosine-tyramine exchange with high efficiency. In this exchange a membrane potential is generated during turnover due to the charge difference between the two transported substrates.
In summary, the results reported here support the hypothesis that there is a PMF pathway, as follows: (i) both tyrosine and its decarboxylation product, tyramine, are substrates of the transporter; (ii) the tyrosine transporter catalyzes exchange with tyramine more efficiently than unidirectional tyrosine transport; and (iii) tyrosine-tyramine exchange is electrogenic.
One physiological function of the tyrosine decarboxylation pathway in E. faecium E17 was demonstrated to be generation of a PMF at the expense of the free energy released in the decarboxylation reaction. The two components of the PMF, membrane potential and ⌬pH, are generated separately in the two steps of the pathway, since at the physiological pH range studied tyramine is positively charged, while tyrosine has no net charge. Therefore, exchange of the two substrates in the absence of any cotransported ions is electrogenic. Turnover of the tyrosine transporter results in a membrane potential with physiological polarity (outside positive), since the monovalent, positively charged compound tyramine is exchanged for uncharged tyrosine. The decarboxylation of tyrosine catalyzed by TDC consumes a proton that alkalinizes the cytoplasm compared to the external medium. For each cycle of the pathway in which one external tyrosine molecule is converted to one external tyramine molecule, one positive charge is translocated across the membrane and one proton is removed from the cytoplasm, which is equivalent to pumping one proton across the membrane. Hence, the pathway functions as an indirect proton pump, as reported in other cases (17, 19, 22, 28) .
Tyrosine accumulation in E. faecium E17 in response to a PMF was also demonstrated in this study. Transport down a tyrosine concentration gradient was evident, indicating that there was also uniport of tyrosine. However, tyrosine uptake is faster in the presence of tyramine. We cannot exclude the possibility that there are other transporters that are involved in the transport of tyrosine in the absence of tyramine. Here, we assumed that the antiporter catalyzes at least part of this transport. In fact, most secondary transport systems catalyze exchange much faster than uniport or symport systems (3, 22) , which is the case for the tyrosine transporter in E. faecium strain E17.
These results are consistent with a tyrosine/tyramine anti- port mechanism in which a net positive charge is transported with tyramine. It is not clear whether this transport system mediates only a strictly coupled antiport reaction or can also catalyze uniport or proton symport of these substrates. Exchange of internal and external substrates is a partial reaction of a symporter or uniporter, and it is believed that the bacterial precursor-product exchangers are unidirectional transporters that have been optimized to catalyze exchange. Precursorproduct exchangers are members of transporter families that, in addition to exchangers, contain symporters, uniporters, and antiporters, indicating that they are structurally and mechanistically similar (17, 22) . Depending on the organism and the conditions, the primary goal of an amino acid decarboxylation pathway may be to prolong the period during which a sufficiently high intracellular pH is present or to be a source of metabolic energy. In the case of E. faecium E17 this is accomplished by the tyrosine decarboxylation pathway. Protons entering the cell are consumed by the decarboxylase reaction (17, 22) . The pathway, which couples the decarboxylation reaction and exchange by the antiporter, promotes the uptake of extracellular tyrosine, its conversion into tyramine, the release of tyramine from the cell, and, importantly, the consumption of cytoplasmic protons, thereby generating a ⌬pH across the membrane (6) . In this way the tyrosine decarboxylase pathway in E. faecium E17 helps the organism regulate its cytoplasmic pH in acid environments.
Although such a model for the role of an amino acid decarboxylation pathway has been proposed by other authors for other genera of LAB, to the best of our knowledge, no model has been experimentally proven previously, particularly for a meat strain like an Enterococcus sp. strain. The ability of microorganisms to survive in acidic environment is important for both in vivo functions and fermentation stability. Therefore, mechanisms that contribute to the capacity of a microorganism to tolerate acidic pH are essential for the production and functionality of a microbial culture. Thus, it is timely to consider the mechanisms used by gram-positive organisms to protect themselves from the challenges posed by low-pH environments, such as food fermentation and exposure to gastric juice, and comment on the strategies by which these mechanisms can be aided or impeded. Acid tolerance is one of the desirable properties used to select potentially probiotic strains (2) . Ultimately, because biogenic amines in general and tyramine in particular are such a health threat when they are present at high concentrations in fermented meat products, insight into the tyramine production pathway in LAB would help prevent accumulation of these products in fermented foods.
